Ammonia (NH 3 ) fluxes were estimated from a field being grazed by dairy cattle during spring, by applying a 17 backward-Lagrangian Stochastic model (bLS) model combined with horizontal concentration gradients 18 measured across the field. Continuous concentration measurements at field boundaries were made by open-path 19 miniDOAS (differential optical absorption spectroscopy) instruments, during the cattle's presence and for 6 20 subsequent days. The deposition of emitted NH 3 to 'clean' patches on the field was also simulated, allowing 21 both 'net' and 'gross' emission estimates, where the dry deposition velocity ( ) was predicted by a canopy 22 resistance ( ) model developed from local NH 3 flux and meteorological measurements. Estimated emissions 23 peaked during grazing and decreased after the cattle had left the field, while control on emissions was observed 24 from covariance with temperature, wind speed and humidity/wetness measurements made on the field, revealing 25 a diurnal emission profile. Large concentration differences were observed between downwind receptors, due to 26 spatially heterogeneous emission patterns. This was caused by uneven cattle distribution and a low grazing 27 density, where 'hotspots' of emissions would arise as the cattle grouped in certain areas, such as around the 28 water trough. The spatial complexity was accounted for by separating the model source area into sub-sections, 29 and optimising individual source area coefficients to measured concentrations. The background concentration 30 was the greatest source of uncertainty, and based on a sensitivity/uncertainty analysis the overall uncertainty 31 associated with derived emission factors from this study is at least 30-40%. 32
( 1) 171 where is retrieved by the model from the number of source area interactions (
) and the thousands of 172 trajectories ( ) released backwards in time from the receptor locations (Eq. 2). 173
The following input data were applied in the bLS-R model as 30 minute averages: wind direction, friction 175 velocity ( * ) the standard deviations of the rotated wind vector components ( , , ), and surface roughness 176 ( ). The spatial dimensions of the grazed field source area and the miniDOAS receptors were also specified. 177
Independent concentration measurements and emission estimates were derived using the two downwind 178 miniDOAS receptors (S1 and S3), which are compared throughout the paper, e.g. S1, S3 and S1, S3. All 179 concentrations and fluxes are expressed in units of NH 3 , e.g. µg NH 3 m -3 and µg NH 3 m -2 s -1 . 180
Data filtering 181
The miniDOAS NH 3 measurements were filtered to remove periods of high uncertainty, indicated by the 182 standard error (SE) of the measurements. This filter only affected the S1 miniDOAS sensor, which was not 183 fitted with an automatic alignment system to correct minor shifts in the light path between lamp and reflector. 184
After applying this filter 92 out of 430 half hourly measurements were removed from the Period 2 S1 185 measurements (Period 1 measurements were unaffected). 186
Previous studies (Flesch et al., 2004; Harper et al., 2011) have applied * and Monin-Obukhov length ( ) 187 filtering to remove emission estimates that do not meet given criteria ( * > 0.15 ms -1 and > 10m). These 188 criteria were established on the basis of an observed reduction in the accuracy of model predictions as * and 189 decrease (e.g., Flesch et al., 2004; Gao et al., 2009) . However filtering out periods with low wind speeds and 190 unstable stratification can be detrimental to emission estimates, often creating a bias to characterise certain 191 sources under specific daytime or night-time conditions, whilst ignoring potentially valuable data that do not 192 meet the criteria. This is a major limitation as we calculate average emissions from grazing cattle, where strong 193 diurnal cycling is expected to occur (e.g. Laubach et al., 2013a) . Flesch et al., (2014) developed alternate criteria 194 for bLS data filtering, finding that (for their particular experiment) the * threshold could be reduced to 0.05 m 195 s -1 , and after finding no improvement after imposing a stability ( ) filter, introduced a supplementary vertical 196 temperature gradient filter. 197
A filtering procedure was developed after assessing the standard error (SE) of emission estimates ( / ), which 198 describes period-to-period fidelity and identifies "spiking" in model predictions caused by unsuitable input 199 conditions, which do not confirm to an underlying assumption of a horizontally homogenous surface layer 200 (Flesch et al., 2014) . It was found that a * threshold of 0.1 m s -1 was sufficient to remove the significant 201 outliers, while retaining acceptable data coverage, although this filter was at times limiting for nocturnal (low 202 wind) periods. A wind direction filter was applied to remove periods where miniDOAS sensors S1 and S3 were 203 not downwind of the field area. This filter only affected sensor S3 during Period 2, where estimates were 204 ignored if > 30 & < 270. 205 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -350, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 9 December 2016 c Author(s) 2016. CC-BY 3.0 License.
Modelling of dry deposition within the source area 206
Downwind from a source of NH 3 , local recapture will remove a certain fraction of emitted NH 3 from the air. 207
Therefore the measured rise in concentration above background ( ) is a function of the source emission rate, 208 atmospheric dispersion, and the fraction that has been deposited. Within a field being grazed by dairy cattle, 209 emissions of NH 3 are expected from urine and dung patches, while deposition will occur to clean surfaces 210 within and beyond the field. Therefore, as we apply the bLS method to estimate emissions from the measure 211 concentration gradient across the field ( ), we calculate the "net" flux constituting emissions from the field 212 minus the fraction that has been deposited. However, if dry deposition is simulated in the dispersion model the 213 lost fraction of emissions due to deposition can be quantified, providing an estimate for the "gross" emissions 214 from excretions during grazing. 215
The bLS-R model has a post-processing routine to take into account the effect of the dry deposition of NH 3 on 216 flux predictions. The exchange or deposition velocity ( ) is based upon a uni-directional resistance model 217 approach, defined as the inverse of a sum of a series of resistances to deposition (Eq. 3, left side). 218
where is the aerodynamic resistance to transfer through the turbulent surface layer for a certain reference 220 height, is the boundary layer resistance associated with the viscous quasi-laminar sublayer adjacent to the 221 deposited surface, and is the canopy resistance representing the combined surface resistance accounting for 222 stomatal and non-stomatal pathways to deposition (Flechard et al. 2013) . It should be noted that is implicit 223 within the bLS-R calculations and does not need to be input to the model as a variable. 224
The resistances to deposition and can be calculated using ultrasonic anemometer measurements and well-225 established models (Asman, 1998) , while is a composite term representing numerous physical barriers to 226 deposition at the surface. To obtain local, field-scale estimates of , Two COTAG systems (conditional time-227 averaged gradient systems, Famulari et al., 2010) were operated at the centre of the grazed field for 1.5 years, 228 allowing to be estimated from calculations of and and time-integrated measurements of NH 3 229 concentration ( ), flux (− ) and (Eq. 3). The COTAG measurements were filtered to remove grazing 230 periods and periods up to two weeks after grazing had ended, to ensure 'clean' background conditions. Clear 231 correlation was then observed between the time-integrated estimates with the variables and , thus a 232 double exponential equation was parameterised as follows to fit the data (Eq. 4, Figure 2) , with similar form to 233 Flechard et al., (2010) : 234 respectively. 237
The deposition component of bLS-R operates on the assumption that the whole grazed field is acting as a 238 homogenous surface for deposition, however in reality urine and dung patches on the field are obviously 239 hotspots of emissions, and not NH 3 sinks. The ratio of 'clean canopy' where deposition may occur to 'soiled 240 canopy' is not known, thus it is difficult to provide a true emission estimate including the effect of deposition. 241
We can expect that the emission estimate without deposition ( ) represents a 'net' emission rate from the field, 242 while if we assume that the whole field behaves as homogenous sink, the emission rate including deposition will 243
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -350, 2016 Manuscript under review for journal Atmos. Meas. Tech. periods, from the following set of inputs: (1) milk yield, (2) animal numbers, average weight and date after 264 calving, (3) the net energy for lactation (NEL) and crude protein (CP) content of the grass, (4) the number of 265 animals grazed and the duration of grazing on the experimental plot. The excretions per day were calculated as 266 consumption minus retention in milk and animal growth. The share of N excreted in faeces and urine was 267 calculated using regressions of fecal N digestibility derived from N balance studies (Bracher et al. 2011 (Bracher et al. , 2012 . 268
Results 269

Period 1 (18-20/05): grazing on SW paddock only 270
Concentration measurements 271
The wind direction during Period 1 was consistently W-WSW ( Figure 3 ). Therefore DOAS S2 was located 272 upwind of the grazed SW paddock while S1 and S3 were situated downwind to the eastern and northeastern 273 boundaries of the field respectively. Concentrations across the S2 path length would be expected to be low and 274 near background, except during periods of very low wind speed, while any rise in concentration measured by S1 275 and S3 above S2 would show the influence of emissions from the field. 276
The upwind S2 concentration measurements reveal background concentrations of 2-3 µg m -3 during times of 277 steady W/SW winds, increasing slightly when wind speed was low. Concentration polar plots (Figure 3 The wind direction remained consistent after the S2 power failed on 19/05, therefore the empirical relationship 286 (Eq. 5) was found to be suitable and was applied to estimate and extend S2 concentrations, as a proxy for . 287
The predicted S2 concentrations follow the measured S2 concentrations closely until the point of data loss on 288 19/05 (Figure 4 , top panel). This lends confidence to the rest of the predictions used to fill the gap in the 289 measurements, even though there is increased uncertainty associated with the last 15 hours of emission 290 estimates calculated from the predicted , relative to periods where was measured by the S2 sensor. 291
Field-scale emissions estimates 292
Overall there is very good agreement between the emission calculations from both downwind concentration 293 datasets. The average emission rate calculated by bLS-R for the S3 measurements ( S3) during the first 24 hours, as the measured concentration gradient across the field was less than 1 µg m -3 . As the 296 cattle were introduced to the field on the first morning (18/05) it likely took some time for NH 3 to 'build up' 297 from hydrolysis of excreted urea before significant emissions occurred. Downwind concentrations ( S1 and 298 S3) peaked during the next day (19/05), with peak emissions occurring at midday when there was a 5-6 µg m -3 299 horizontal concentration gradient ( ) measured between the upwind and downwind receptors. The peak 300 emission rate at this time was around 1.1 µg m -2 s -1 for both downwind receptors. A decrease in the measured 301 downwind concentrations occurred at 15:00, and an associated decrease in emissions is logically estimated for 302 this time period. The decline in emissions follows 4.4 mm of rain during the day of 19/08, where the rainfall 303 intensity peaked shortly after midday. In addition, the cattle were removed from the field at 15:00; therefore the 304 suspension of excretions to the field and the wet conditions are most likely the dominant factors driving the 305 declining emissions. The sensor indicated that the canopy was wet (conductivity reading above baseline) for 306 84% of Period 1 (Table 2) . 307 explained by the location of the receptors relative to the grazed field under the prevailing wind conditions. 317
Sensor S1 was located in the center of the field, with an upwind fetch of grazed field across a wider band of 318 wind directions. Sensor S3 on the other hand is located at the SE field boundary, and was more limited as a 319 receptor for emissions under the prevailing northerly wind conditions. However, during NW wind directions 320 where all sensors in-line across a diagonal fetch of the field one would expect the S3 sensor to be measuring 321 similar or higher concentrations relative to S1 at the center (assuming homogenous emissions across the field), 322 which is not the case. It is also important to note that the grazing density was about 50% lower during Period 2 323 as the field was much larger. 324
Power failure led to significant data gaps from the S2 sensor and hence a loss of measurements ( Figure 6 ). 325
To fill the gaps a linear regression applied between the measured S2 concentration and temperature ( ), wind 326 speed ( ) and relative humidity ( ), however there was considerable scatter in the data and the prediction 327 was much more uncertain than during Period 1. 328 = 2.5 − 0.1 + 0.01 -0.02 , r2 = 0.1 (6) 329
Field-scale emissions estimates 330
The average net emission rate ( ) from the grazed field estimated using the S1 measurements was 0.27 µg m -2 s -331 1 while much lower emissions were estimated from the S3 measurements (0.12 µg m -2 s -1 ). Both estimates show 332 a generally diurnal trend of peak emissions during the afternoon, similar to the trend observed during Period 1. 333
However there are gaps in S1 and S3 overnight due to data filtering as * drops below the defined threshold 334 (0.1 m s -1 ). Peak emissions occurred on 22/05 when the maximum concentration difference between upwind and 335 downwind receptors was measured. Grazing of the field ended and the cattle left the field at 15:00 GMT on 336 23/05. After this point a generally decreasing trend in emissions is derived from the decreasing concentrations 337 measured by S1 and S3. There is greater uncertainty attributed to the periods without active measurements 338 marked on Figure 6 . 339
Emission estimates from the bLS-R model were initially made on the assumption that emissions from the grazed 340 field are spread equally (thus randomly) across a homogeneous field. However a herd of cattle can be expected 341 to move and disperse across the field in a generally non -random way, grouping together as they graze across 342 the field rather than acting individually. Systematic effects of uneven cattle distribution within grazed pastures 343 have been reported previously, impacting on bLS-derived mean gaseous emissions from grazing cattle (Laubach 344 et al., 2013b) . Our measurements during Period 2 certainly support spatial heterogeneity in emissions, with 345 higher concentrations at the centre of the field ( S1) than at the SE corner ( S3) during periods where the wind 346 direction was from the NW. Had emissions from the field been homogenous, an increase in NH 3 concentration 347 would have been measured across the NW -SE transect of the field. 348
A second set of emission estimates (Figure 6 Panel 3) were produced after optimising the emission rates from 4 349 separate areas (A, B, C & D, Figure 1 ) within the field to reproduce the observed concentrations at S1 and S3 on 350 each measurement day. An excellent fit between S1 and S3 was achieved after running a numerical solver to 351 minimise the squared error (
2 ) between them. The coefficients given in Table 1 are the result of the solver, 352 describing the spatial changes in relative emission strength over time. The solver was executed with the 353 following conditions: (1) the sum of the area coefficients must equal 1; and (2) Henceforth the initial emission estimates calculated without applying emission area coefficients are referred to 358 as Scenario 1 estimates, while the calculations involving heterogeneous emission area coefficients are referred 359 to as Scenario 2 estimates. It is important to note that there can be more than one combination of coefficients to 360 reconcile the S1 and S3 estimates, thus these coefficients should not be taken as definite emission strengths 361 for each area of the field. However they do offer a rough guide to which sections had greater emissions relative 362 to the others, and confirm that emissions from the field were certainly not homogeneous over the course of the 363 grazing period. The large difference in Scenario 1 S1 and S3 estimates may therefore be attributed to strong 364 emissions in areas A and D, relative to C and B (Figure 1, Table 1 ), which explains the high measured 365 concentrations at sensor S1 relative to S3. Emission area D represents the SW field which was grazed during 366
Period 1, thus high emissions from this area may have been a legacy effect left by continuing emissions from 367 cattle excretions during Period 1. Emission area D also contained a water trough which was only 15-20m away 368 from the S1 receptor, where cattle grouping was observed. Due to the combined effects of prior grazing within 369 the SW field and grouping around the water trough, we can expect enhanced emissions within area D. The 370 Scenario 2 (optimised) S1 and S3 estimates are similar (0.19 and 0.16 µg m -2 s -1 respectively), and are 371 believed to give a more realistic estimate of the true field-scale emission rates after accounting for spatial 372 complexity. The data coverage for 3 (64%) is greater than the QS1 data coverage (59%), hence some 373 differences between 1 and 3 can be expected even with perfect agreement. The estimates can be 374 regarded as net emission rates for the grazed field, made without consideration of deposition to clean patches 375 within the source area. The estimates including the effect of deposition are 16% higher (0.22 and 0.19 µg 376 m -2 s -1 for the Scenario 2 S1 and S3 estimates respectively). 377
Derived emission factors 378
Grazing Period 1 took place within a SW section of the field with a smaller area (5600 m 2 ) than the whole field 379 opened up for grazing Period 2 (19800 m 2 ). Although there were fewer cattle grazing during Period 1 (25) the 380 grazing density was twice as high relative to Period 2. Therefore the higher grazing density during Period 1 is 381 consistent with the stronger emission estimates per unit area (Table 2) . Emission factors (EFs) are given in 382 Table 3 for Periods 1 and 2. For both measurement periods, the S3 sensor had greater data coverage than the S1 383 sensor. Therefore, the S3 emission estimates are more representative and are selected to derive EFs. Both 384 grazing periods have produced similar emission factors of the order of 6-7 g NH 3 cow -1 d -1 , though there are 385 considerable differences between the two periods in terms of weather conditions and grazing timeline. Period 1 386 was shorter in length, and was characterised by steady SW/W winds, lower temperatures and wetter conditions 387 relative to Period 2 (Table 2) . Therefore, the lower temperatures and wetter conditions likely limited emissions 388 (e.g. Flechard et al., 1999; Laubach et al., 2012; Móring et al., 2016) . 389
The duration of Period 1 was too short to fully capture tailing emissions, while excretions to the field during 390 Period 1 will have continued to emit NH 3 during Period 2. Flux estimates are continued for 6 days after the 391 cattle had left the field during Period 2, capturing residual emissions after grazing. The combined influences of 392 weather conditions and experimental design and duration may therefore explain why a smaller fraction of 393 excreted N and urine-N was emitted as NH 3 during Period 1 relative to Period 2. The EFs derived from Period 2 394
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -350, 2016 Manuscript under review for journal Atmos. Meas. Tech. , and 9 and 10% excreted urine-N emitted as NH 3 for the 396 and scenarios respectively. However, the greater uncertainty in Period 2 associated with missing 397 measurements and heterogeneous emission patterns should be considered. 398
Discussion 399
Experimental design 400
Previous experiments to deduce surface-air fluxes by the bLS method have deployed sufficient measurement 401 systems so that the problem to determine and was mathematically over-determined, and the experiment 402
was not dependent on a specific range of wind directions (e.g. Flesch et al., 2014) . The configuration of the 403 three miniDOAS sensors and the grazed field during Period 2 led to certain wind directions being unsuitable for 404 emission estimates, while additional miniDOAS sensors placed at field boundaries would have been beneficial.
Uncertainty in local dry deposition of field-emitted NH 3 470
The inclusion of dry deposition within the bLS-R model is intended to simulate the deposition of NH 3 to the 471 surface of 'clean' grass patches within the grazed field. This process is described by a resistance model, and 472 while the and components may be derived directly from eddy covariance measurements, as well as well-473 established models, the component is empirical. In this case, the empirical model (Eq. 4) was derived 474 from a curve fitting exercise of time-integrated COTAG flux measurement to meteorological variables and 475 . The model is based on a long (1.5 years) series of measurements taken from the field (deposition periods 476 only), while the effect of soiled grass areas on during grazing is also approximated using the 130 s m -1 477 offset within the scenario. It is conceivable that there is significant error (up to 50%) in estimating by 478 this method. The sensitivity of the bLS-R model to potential uncertainty within the estimates has been 479 evaluated, where the timeseries has been varied by factors of plus and minus 50%. The results of this 480 sensitivity test are given in Table 4 . The % change in after varying by ± 50% was -4% and +12% for 481
The % change in emission estimates was much more sensitive to uncertainty in predicted than to uncertainty 508 in or . Therefore we expect predicted to be the greatest source of error in derived fluxes from the 509 grazed field. 510
Temporal variability in estimated emissions 511
The estimated emissions show significant temporal variability during both measurement periods, typically with 512 peak emissions occurring during the day with little emissions occurring overnight. Similar diurnal profiles have 513 been observed in NH 3 emissions from cattle urine and dung patches (Laubach et al., 2012; 2013a) , and from 514 urine patch emission models (Móring et al., 2016) . Mechanisms which limit nocturnal emissions can be 515 summarised as: (1) low wind speeds and stable conditions, which increases the aerodynamic transfer resistances 516 between the soil/canopy layer and the atmosphere, (2) low temperatures which limit the hydrolysis of urea, and 517 affect NH 3 /NH 4 + partitioning in solutions, (3) dew formation on leaf surfaces which act as sinks for NH 3 . 518
A longer temporal trend in emissions is observed during Period 1; with very little emissions occurring on the 519 first day the cattle were introduced to the field, and peak emissions occurring during the afternoon of the second 520 day. After 44 cattle had begun to graze the whole field during Period 2, peak emission rates occurred from 22-521 23/05, 2-3 days after the cattle had been introduced. A decreasing trend in emissions occurred after the cattle 522 were removed from the field on 23/05 until the end of the measurement period. This is in-line with the reported 523 emissions from urine and dung patches by Laubach et al., (2013a) , where emissions peaked during the third and 524 fourth days after grazing had begun, and a following decreasing trend in emissions after the cattle had been 525 removed from the field on the third day. 526
The peak in emissions which occurred during grazing can be attributed to the hydrolysis of urea within the urine 527 patches, which leads to a rapid rise in pH and the formation of NH 4 + , and a high rate of NH 3 volatilisation 528 (Sherlock and, Goh 1985) . As volatilisation proceeds, a subsequent chemical reduction in surface pH occurs 529 with an accompanying release of a proton to the transformation of NH 4 + to NH 3 (Laubach et al., 2012; Sherlock 530 and Goh, 1985, Móring, et al. 2016) , which prevents further volatilisation and can explain the declining 531 emission rate after the cattle had left the field on 23/05. 532
Emission factors from the grazing experiment 533
Emission factors from the grazing experiment have been evaluated as 6 ± 2 and 7 ± 2 g NH 3 cow -1 d -1 , and 9 ± 534 3% and 10 ± 3% of excreted urine-N emitted as NH 3 for the and scenarios respectively (average 535 emission factor ± predicted uncertainty). These emission factors were taken from the Period 2/Scenario 2 536 estimates as Period 1 was not long enough to fully capture emissions from excretions to the field. Previous 537 experiments have measured NH 3 emissions from cattle urine patches at ratios of 7-25.7% of excreted urine-N to 538 grazed pastures (Jarvis et al., 1989; Ryden et al., 1987; Laubach et al., 2012; 2013a) . Our estimates for 539 emissions from grazing are towards the lower end of the range of published emission factors. Differences 540 between reported emission factors may be related to differing weather conditions affecting the hydrolysis of 541 urea, or differences in soil properties, where emissions can be limited due to urine percolation into porous soil 542 (Móring et al., 2016) . It is also possible that significant emissions occurred after the miniDOAS instruments had 543 been removed from the field, which would lead to an underestimation of the proportion of excreted N or urine-N 544 emitted as NH 3 . The period of significant emissions from urine patches generally lasts 4-8 days after urine 545
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deposition (Sherlock and Goh, 1985; Laubach et al., 2012) . However, a rainfall event after a dry period can lead 546 to a delayed onset of NH 3 emissions by restarting urea hydrolysis (Móring et al., 2016) . On the other hand, the 547 Period 2 emission factors are also influenced to some degree by emissions from excretions during Period 1 on 548 the SW field, which could cause an overestimation of emissions. Emission factors derived from Period 2 are 549 also affected by * filtering, which may slightly increase estimates due to a measurement bias towards 550 turbulent daytime periods. 551
The emission estimates presented here show that the 'gross' emissions from the field ( scenario) are around 552 16 ± 6% higher than the 'net' emissions ( scenario). Both of these estimates are potentially useful to contribute 553 towards an emission factor for livestock grazing. For example, regional-scale atmospheric dispersion models 554 may require source inputs as 'gross' emission factors due to deposition simulations implicit within the regional-555 scale model. 556
Conclusion 557
Tables 733 Table 1 
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